The strong and radiative decays of the low-lying S -and P-wave Λ c(b) − of the 6 F multiplet have similar strong decay properties. In order to identify them, angular distributions of their decays in either strong decay modes or radiative transitions should be needed.
I. INTRODUCTION
During the past several years, great progress on the heavy baryon spectra has been made in experiments [1] [2] [3] [4] [5] and have provoked many interests in the study of heavy baryon spectroscopy. In the singly charmed baryons, besides the ground states with J P = 1/2 + and J P = 3/2 + (1S wave), several Pwave states, Λ c (2593) (J P = 1/2 − ), Λ c (2625) (J P = 3/2 − ), Ξ c (2790) (J P = 1/2 − ), and Ξ c (2815) (J P = 3/2 − ) have been established. Signals for higher charmed baryons, such as Λ c (2880) [6] , Σ c (2800) [7] , Ξ c (2930) [8] , Ξ c (2970, 3080) [9] , Ξ c (3055, 3123) [10] and Λ c (2860) [11] , were also reported by experimental observations. Very recently, five extremely narrow Ω c (X) states, Ω c (3000), Ω c (3050), Ω c (3066), Ω c (3090) and Ω c (3119), were observed in the Ξ + c K − channel by LHCb [12] . A detailed summary of the observed charmed baryons can be found in the recent work by Cheng and Chiang [13] . On the other hand, in the singly bottom baryons, thanks to the continuous efforts of the LHCb, CDF and CMS [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , most of the ground states with J P = 1/2 + and J P = 3/2 + have been established except that Ω * b and Σ 0 b and Σ * 0 b remain to be found (see Table I ). Recently, two P-wave states Λ b (5912) (J P = 1/2 − ) and Λ b (5920) (J P = 3/2 − ) were established by the LHCb experiment [14] . While the LHC experiments have demonstrated their discovery capability of heavy flavored baryons, the forthcoming Belle II experiment will also offer another opportunity for the further study of excited heavy baryons.
Based on the observation of most of the ground state heavy baryons, the interesting topic is to look for the low-lying Pwave heavy baryons predicted by the quark model. It should be mentioned that all the established P-wave heavy baryons * E-mail: zhongxh@hunnu.edu.cn † E-mail: zhaoq@ihep.ac.cn belong to3 F , and until now, no P-wave charmed and bottomed states of 6 F have been established (see Table II ). The newly observed Ω c states by the LHCb Collaboration and the previously observed states Σ c (2800) by the Belle Collaboration [7] and Ξ c (2930) by the BaBar Collaboration [8] may be good candidates for some of these missing P-wave states. Theoretical calculations of their mass spectra, decay properties and analysis of their quantum numbers are needed for further establishing them in experiment. Different theoretical model calculations of the mass spectra of the singly heavy baryons can be found in the literature . Except for the mass calculations, the systematical predictions of the decays of the P-wave heavy baryons are urgently needed in theory. For this purpose, in the present work, we carry out a systematic study of the strong and radiative decays of the low-lying P-wave heavy baryons. Furthermore, to provide information for the last three missing 1S states Ω * − b , Σ 0 b , and Σ * 0 b , and to better understand the properties of the 1S singly heavy baryons, their strong and radiative decays are studied as well.
In this work we apply the chiral quark model (ChQM) [49] to deal with the strong decays of the singly heavy baryons. In this framework, the spatial wave functions of heavy baryons are described by harmonic oscillators, and an effective chiral Lagrangian is then introduced to account for the quarkmeson coupling at the baryon-meson interaction vertex. The light pseudoscalar mesons, i.e., π, K, and η, are treated as Goldstone bosons. Since the quark-meson coupling is invariant under the chiral transformation, some of the lowenergy properties of QCD are retained [49] [50] [51] . This model has been developed and successfully used to deal with the strong decays of heavy-light mesons, charmed and strange baryons [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . This approach is different from the often used 3 P 0 model [62] [63] [64] [65] [66] [67] [68] since different effective degrees of freedom are involved. In the ChQM the light pseudoscalar mesons behave as pointlike particles which couple to the light constituent quark within the baryons via the effective chiral Lagrangian. In contrast, the transition operator in the 3 P 0 model is obtained by a quark pair creation with the vacuum quantum numbers J P = 0 ++ . The created pair of quarks will rearrange with the quarks within the initial baryon to the final state meson and baryon. Thus, the hadronic transition amplitude will be described by operators extracted at the constituent quark level. Many other model studies of the strong decays of the low-lying S -and P-wave heavy baryons can be found in the literature. For example, for the singly charmed baryons, the strong decay properties of the low-lying S -and/or Pwave states were studied with the method of light cone QCD sum rules (LCQSR) [69] [70] [71] [72] , the 3 P 0 model [65] [66] [67] [68] , the heavy hadron chiral perturbation theory (HHChPT) [3, [73] [74] [75] [76] [77] [78] , the light front quark model [79, 80] , the relativistic threequark model (RQM) [81] [82] [83] [84] , the nonrelativistic quark model (NQM) [85] , the MIT bag model [86] , and the Bethe-Salpeter formalism [87] . For the strong decay properties of the singly bottom baryons, only a few studies are found in the literature [57, 65, [86] [87] [88] [89] . While most of the discussions focus on the S -wave ground states, a systematic study of the strong decays of the P-wave singly bottom baryons seems to be needed.
For the radiative transitions, we exploit an EM transition operator which is extracted in the nonrelativistic constituent quark model and has been successfully applied to the study of the radiative decays of cc and bb systems [90, 91] and the heavy baryons [58, 60, 92] . There are some discussions of the radiative decays of the singly heavy baryons in the literature [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] . While most of the studies focus on the S -wave ground states, only a few studies considered the P-wave heavy baryons EM transitions [70, 76, 81, [93] [94] [95] [96] . Theoretical studies of the radiative transitions by the lattice QCD [97] , LCQSR [99] [100] [101] [102] [103] [104] , HHChPT [76, [105] [106] [107] [108] , RQM [81, 96] , the bag model (BM) [109] , the vector meson dominance model (VMD) [110] , and the model based on heavy quark symmetry (HQS) [93] , can also be found in the literature. It should be mentioned that there appears a strong model-dependence in various model calculations which indicates that the radiative transition mechanism for these heavy baryons still need to be understood.
As follows, in Sec. II we first give a brief description of the heavy baryon spectra. Then a brief introduction to the quark model treatment for the strong and radiative decays of the singly heavy baryon system will be given in Sec. III. The numerical results are presented and discussed in Sec. IV. Finally, a summary is given in Sec. V.
II. HEAVY BARYON SPECTRUM
The heavy baryon containing a heavy quark violates the SU(4) symmetry. However, the SU(3) symmetry between the other two light quarks (u, d, or s) is approximately kept. According to the symmetry, the heavy baryons containing a single heavy quark belong to two different SU(3) flavor representations: the symmetric sextet 6 F and antisymmetric antitriplet 3 F . For the charmed baryons Λ c and Ξ c belonging to3 F , the antisymmetric flavor wave functions can be written as
and for the bottom baryons Λ b and Ξ b belonging to3 F , the antisymmetric flavor wave functions can be written as
For the charmed baryons belonging to 6 F , the symmetric flavor wave functions can be written as
while for the bottom baryons belonging to 6 F , the symmetric flavor wave functions can be written as
In the quark model, the typical SU(2) spin wave functions of the heavy baryons can be adopted:
for the spin-3/2 states with symmetric spin wave functions;
for the spin-1/2 states with mixed antisymmetric spin wave functions; and
for the spin-1/2 states with mixed symmetric spin wave functions.
The spatial wave function of a heavy baryon is adopted from the harmonic oscillator form in the constituent quark model [56] . For a q 1 q 2 Q basis state, it contains two light quarks q 1 and q 2 with an equal mass m, and a heavy quark Q with mass m ′ . The basis states are generated by the oscillator Hamiltonian
The constituent quarks are confined in an oscillator potential with the potential parameter K independent of the flavor quantum number. The Jacobi coordinates ρ and λ and center-ofmass (c.m.) coordinate R c.m. can be related to the coordinate r j of the jth quark by
and the momenta p ρ , p λ and P c.m. are defined by
with
The wave function of an oscillator is given by
where σ = ρ, λ. In the wave functions, there are two oscillator parameters, i.e. the potential strengths α ρ and α λ . The parameters α ρ and α λ satisfy the following relation [56] :
The spatial wave function is a product of the ρ-oscillator and the λ-oscillator states. With the standard notation, the principal quantum numbers of the ρ-mode oscillator and λ-mode oscillator are N ρ = (2n ρ + l ρ ) and N λ = (2n λ + l λ ), and the energy of a state is given by
with the ρ-mode and λ-mode frequencies
Combining the relation ω ρ = √ 3m ′ /(2m + m ′ )ω λ > ω λ , we find that if we take N ρ = N λ , the ρ-mode excited energy (N ρ + 3 2 )ω ρ is much larger than the λ-mode excited energy (N λ + 3 2 )ω λ , which indicates that the λ-mode excitations should be more easily formed than the ρ-mode excitations. Thus, in present work we only study the λ-mode excitations.
The product of spin, flavor, and spatial wave functions of the heavy baryons must be symmetric since the color wave function is antisymmetric. More details about the classifications of the heavy baryons in the quark model can be found in our previous work [56] . The predicted mass spectra of the 1S -wave and λ-mode 1P-wave single heavy baryons within various quark models are summarized in Tab. II. Mass spectra of the low-lying S -and P-wave singly heavy baryons from various quark models [24] [25] [26] [27] 
III. MODELS FOR STRONG AND RADIATIVE DECAYS
In the chiral quark model the effective quark-pseudoscalarmeson interactions in the SU(3) flavor basis at low energies can be described by the simple chiral Lagrangian [50, 51] 
where ψ j represents the jth quark field in the hadron, φ m is the pseudoscalar meson field, and f m is the pseudoscalar meson decay constant. To match the nonrelativistic harmonic oscillator wave functions adopted in the calculations, one should adopt the quark-pseudoscalar-meson interactions in the nonrelativistic form [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] :
In the above equation, σ j and p j stand for the Pauli spin vector and internal momentum operator for the jth quark of the initial hadron; ω m and q stand for the energy and three momenta of the emitted light meson, respectively; µ q is a reduced mass given by 1/µ q = 1/m j + 1/m ′ j with m j and m ′ j for the masses of the jth quark in the initial and final hadrons, respectively; and I j is the isospin operator associated with the pseudoscalar meson [50, 53] 
It should be mentioned that the nonrelativistic form of quarkpseudoscalar-meson interactions expressed in Eq. (19) is similar to that in Refs. [112] [113] [114] , except that the factors G and h in this work have an explicit dependence on the energies of final hadrons. Meanwhile, to treat the radiative decay of a hadron we apply the constituent quark model, which has been successfully applied to study the radiative decays of cc and bb systems [90, 91] and heavy baryons [58, 60] . In this model, the quark-photon EM coupling at the tree level is adopted as
where A µ represents the photon field with three momenta k. e j and r j stand for the charge and coordinate of the constituent quark ψ j , respectively. Similarly, to match the nonrelativistic harmonic oscillator wave functions, we adopt the nonrelativistic form of the quark-photon EM couplings [50, 51, 90, 91, [115] [116] [117] [118] [119] ,
where ǫ is the polarization vector of the final photon. The first and second terms in Eq. (22) are responsible for the electric and magnetic transitions, respectively. The second term in Eq. (22) is the same as that used in Refs. [112-114, 120, 121] , while the first term in Eq. (22) differs from (1/m j )p j · ǫ used in Refs. [112-114, 120, 121] in order to take into account the binding potential effects [115] . For a light pseudoscalar meson emission in a strong decay process, the partial decay width can be calculated with [53, 56] 
while for a photon emission in a radiative decay process, the partial decay width can be calculated with [90, 91] 
where M J f z ,J iz and A J f z ,J iz correspond to the strong and radiative transition amplitudes, respectively. The quantum numbers J iz and J f z stand for the third components of the total angular momenta of the initial and final heavy baryons, respectively. q stands for the three momenta of the emitted pseudoscalar meson. E f and M f are the energy and mass of the final heavy baryon, and M i is the mass of the initial heavy baryon. δ as a global parameter accounts for the strength of the quark-meson couplings. It has been determined in our previous study of the strong decays of the charmed baryons and heavy-light mesons [53, 56] . Here, we fix its value the same as that in Refs. [53, 56] , i.e. δ = 0.557. In the calculation, the standard quark model parameters are adopted. Namely, we set m u = m d = 330 MeV, m s = 450 MeV, m c = 1480 MeV and m b = 5000 MeV for the constituent quark masses. Considering the mass differences between the u/d and s constituent quarks, the harmonic oscillator parameter α ρ in the wave function ψ n lm = R nl Y lm for uu/ud/dd, us/ds and ss diquark systems should be different from each other. Thus, we take α ρ = 400, 420 and 440 MeV for uu/ud/dd, us/ds and ss diquark systems, respectively. Another harmonic oscillator parameter α λ can be related to α ρ by the relation given in Eq. (15) . The decay constants for π and K mesons are taken as f π = 132 MeV and f K = 160 MeV, respectively. The masses of the well-established hadrons used in the calculations are adopted from the PDG [1] .
IV. RESULTS AND DISCUSSIONS
A. The Λ c and Λ b states
In the Λ c and Λ b families, there are two λ-mode 1P excitations
− according to the quark model classification. Λ c (2593) and Λ c (2625) could be assigned to the λ-mode 1P excitations with J P = 1/2 − and 3/2 − , respectively. With these assignments, the strong decays of both Λ c (2593) and Λ c (2625) into Σ c π can be well understood within the ChQM [56] . In this work, assuming Λ c (2593) and Λ c (2625) as the λ-mode 1P excitations, we further estimate their radiative decays into Λ c γ, Σ c γ and Σ * c γ within the constituent quark model. Our results have been listed in Table VI ( As a comparison, the predictions from other models are also listed in Table VI . It shows that our results for Γ[Λ c (2593
are about 2-3 orders of magnitude smaller than the predictions from RQM [81] . The results from LCQSR [70] are about an order of magnitude smaller than those of Ref. [81] , but still much TABLE III: Partial decay widths (keV) for the radiative decays of the 1P singly heavy baryons belonging to3 F . Ours (A) stands for the results predicted by assuming the singly heavy baryons as the λ-mode excitations. Ours (B,C) stand for the results predicted by assuming the singly heavy baryons as the ρ-mode excitations with spin quantum numbers S = 1/2, 3/2, respectively. 
larger than our results. It should be mentioned that within the meson-baryon bound state picture, the radiative decays of Λ c (2593) were studied by two groups as well [94, 95] . However, their results for Γ[Λ c (2593) + → Λ + c γ] turn out to have significant discrepancies (see Table VI ).
To further understand the small radiative partial widths that we obtain in the ChQM, we further analyze the transition amplitudes. The extracted amplitude for the Λ c (2593 
In Eq. (25), the first two terms correspond to the contributions from the two light quarks q 1 and q 2 via an E1 transition, respectively. The third term stands for the contributions from the heavy quark Q (i.e., c quark) via E1 and M2 transitions. Note that the matrix elements for the charge operators, e 1 = e 2 = 1/6 and e 3 = 2/3, and the quark model form factor exp(−k 2 ρ /4α
2 λ ) ≃ 1 at a low photon momentum k. Using these conditions, one finds that the contributions from the two light quarks q 1 and q 2 have a strong destructive interference with the contributions from the heavy quark Q, which leads to a very small amplitude A 1 2 ,− Table IV . It shows that the radiative decays of both states are dominated by the Λ b γ channel. The estimated partial decay widths are [43, 44] . Considering Λ c (2593), Λ c (2625), Λ b (5912) 0 and Λ b (5920) 0 as the P-wave ρ-mode excitations, we also study their radiative decays within the constituent quark model. Our results are listed in Table III In the Σ c family, the assignment of Σ c (2455) and Σ c (2520) (i.e., Σ c and Σ * c ) as the 1S ground states with J P = 1/2 + and 3/2 + , respectively, is well accepted. In Ref. [56] , we have studied their strong decays into the Λ c π channel within the ChQM, our predictions were in good agreement with the data. To better understand the properties of Σ c (2455) and Σ c (2520), we further study their radiative decays in this work, and the results are listed in Table IV . It shows that the singly charged states Σ c (2455)
+ and Σ c (2520) + have rather large radiative decay rates into the Λ + c γ channel. Their partial widths are predicted to be
which are consistent with other model predictions in magnitude (see Table IV b within the ChQM in Ref. [56] , where their strong decays into Λ b π can be reasonably understood. In this work, we further study their radiative decay properties and the results are listed in Table IV 
which are consistent with the other model predictions in magnitude (see Table IV ). Combining these partial widths with the total widths, Γ(Σ 
1P states
In the Σ c and Σ b families, there are five λ-mode 1P-wave excitations:
within the quark model. However, so far there are no 1P-wave states indisputably established. The masses of the λ-mode 1P-wave Σ c and Σ b excitations are predicted to be ∼ 2.8 and ∼ 6.1 GeV, respectively, within various quark models (see Table II ). We study the two body OZI-allowed strong decays of the λ-mode 1P-wave Σ c and Σ b states in their possible mass ranges. Our results are shown in Fig. 1 . To be more specific, we assume that the mass ranges of the λ-mode 1P states can be reasonably constrained although their ordering and detailed spectrum could be model dependent. Within a restricted mass region, the partial decay widths would be more sensitive to the detailed dynamics. Thus, by taking the masses of the 1P-wave states compatible with those from RQM [24] , the calculated results listed in Table V are to be compared with other model calculations.
From Fig. 1 and Table V, − , additional information apart from the strong decay properties is needed in order to determine their quantum numbers, such as the angle distributions or radiative decay properties. Σ c (2800) might be a good candidate of the λ-mode 1P-wave excitations. This state was firstly observed in the Λ + c π channel by Belle [7] ; its measured width is ∼ 70 MeV with a large uncertainty [1] . Some predictions about its nature can be found in the literature [28-30, 65, 73] ; however, there are strong model dependencies. For example, its spin-parity numbers were suggested to be J P = 3/2 − in HHChPT [73] ; J P = 3/2 − or J P = 5/2 − in the 3 P 0 model [65] , J P = 5/2 − in RQM [29] , and J P = 1/2 − or 3/2 − in the Faddeev studies [30] . In this work, we revised our predictions of Σ c (2800). It shows that Σ c (2800) may favor the |Σ c 2 P λ |Σ c 4 P λ 5 2 − assignments (see Table V Table II ). In our previous analysis, we find that the well-established states Ξ c (2790) and Ξ c (2815) could be assigned to the two low-lying 1P states with J P = 1/2 − and 3/2 − , respectively [57] . Very recently, the Belle Collaboration reported the accurate measurements of the widths of Ξ c (2790) 0,+ and Ξ c (2815) 0,+ [122] , which allows us to revisit the assignments of Ξ c (2790) and Ξ c (2815). Our calculation results are listed in Table VII . It shows that by assigning the Ξ c (2815) as the λ-mode 1P excited state with J P = 3/2 − , the obtained width, Γ = 2.1 MeV, is in good agreement with the data, 2.5 MeV, from Belle [122] . However, if assigning the Ξ c (2790) as the λ-mode 1P excited state with J P = 1/2 − , we find that the theoretical width Γ = 3.6 MeV is about a factor of 3 smaller than the measured value ∼ 10 MeV from Belle [122] . It should be mentioned that the predicted widths of Ξ c (2790) within the 3 P 0 model [65] and HHChPT [73] are also close to the measured value. In contrast, there exist significant discrepancies between the theoretical calculations and measured value for Ξ c (2815). In Ref. [43] , the authors proposed that the Ξ c (2790) and Ξ c (2815) may be assigned to the ρ-mode excitations within their QCD sum rule analysis. How-ever, in such a case as the ρ-mode excitations, their strong decays should be dominated by the Λ c K and Ξ c π channels and the Ξ ′ c π channel would be forbidden [57] . To know more about the properties of Ξ c (2790) and Ξ c (2815), we further study their radiative transitions and the results are listed in Table III Furthermore, considering Ξ c (2790) and Ξ c (2815) as the Pwave ρ-mode excitations, we also study their radiative decays within the constituent quark model. The results are listed in Table III as In the Ξ b baryon sector, no 1P states have been observed in an experiment. The typical masses of the λ-mode 1P-wave Ξ b excitations are ∼ 6.1 GeV from various quark model predictions (see Table II b π channels, respectively. If we take a typical theoretical mass ∼ 6.12 GeV (for instance, from RQM [24] ) for these two 1P excited Ξ b states, we find that they should have a very narrow width of Γ ≃ 3 MeV (see Table VII ).
The radiative transitions of |Ξ b 2 P λ 
which are consistent with other model calculations (see Table IV ). The Ξ − is very close to the threshold of Ξ b π. Thus, its decays into Ξ b π are strongly suppressed by the phase space. In the ChQM, we obtain a very small width which is close to the upper limit of Γ(Ξ ′− b ) = 80 keV measured by LHCb [19] .
The mass of Ξ 
Furthermore, we estimate the radiative decays of Ξ ′ * 0,− and the results are listed in Table IV 
Thus, it can be searched in future experiments.
In the Ξ Table II − are predicted to be around ∼ 6.23 GeV (see Table II ). So far, there are no experimental data available for these states. In Fig. 3 our calculations of their strong decay widths as function of mass are plotted in Fig. 3 . To be more specific, since the masses from different models do not drastically scatter to a broad range, we adopt the masses, e.g. from the relativistic quark-diquark picture [24] , to extract the partial decay widths. The results are listed in Table VIII For the Ω b sector, the J P = 3/2 + state Ω * b is still missing. The radiative decay process Ω * b → Ω b γ should play an important role in its decays. Taking the mass M = 6090 MeV for Ω * b , we study this radiative decay process and obtain the partial width This value is about an order of magnitude smaller than that of 
In the Ω c and Ω b families, there are five 1P-wave λ-mode excited states, Table II . In Ref. [58] , we have studied the strong and radiative decay properties of these 1P-wave Ω c states. Combining our predictions with the observations, we suggested that Ω c (3050), Ω c (3066) and Ω c (3090) may be assigned as the P-wave states
− and |Ω c 4 P λ 5 2 − , respectively; while Ω c (3000) may be explained as the 1P mixed state |Ω c P λ
− mixing with a mixing angle φ = 24
• or 43
• . Furthermore, the other mixed state
2 as the partner of Ω c (3000) with a broad width of ∼ 100 MeV was predicted.
In the Ω b family, there are no signals of the 1P-wave states from experiment. To provide useful references for observing these missing states in forthcoming experiments, we study their strong decays within ChQM. Our results are plotted in Fig. 4 . It shows that Ξ b K may be the only OZI-allowed two-body strong decay channel for these 1P-wave Ω b states. Taking the masses of the 1P-wave states predicted within RQM [24] , we find that the J P = 3/2 − state |Ω b 2 P λ were predicted to be ∼ 0.04 MeV and ∼ 3.97 MeV, respectively [72] , which are about an order of magnitude smaller than our predictions. The radiative decays of these 1P-wave Ω b states are also estimated within the quark model. Our results are given in Table X − . This feature will be helpful for distinguishing the spin-1/2 and -3/2 excitation states.
V. SUMMARY
A systematic study of the strong and radiative decays of the low-lying S -and P-wave singly heavy baryons in a constituent quark model is presented in this work. Although there still lack experimental data for a better understanding of the heavy baryon spectra, we find that useful information about the heavy baryon structures can still be extracted by combining their strong and radiative decays. Several key results from this study can be learned here, • For the 1P-wave Ξ b states of3 F , i.e., |Ξ b 2 P λ • For the 1P-wave states of 6 F , there exist rather different decay properties within the multiplets, i.e. be very narrow and has a width of a few hundred keV decaying into the Ξ b K channel.
• We identify some of those radiative decay channels for the 1P-wave states which can be helpful for future searches of their signals in experiments. For instance, the radiative transitions |Σ In brief, we find that the ChQM can still serve as a useful tool for investigating the heavy baryon mesonic decays and radiative transitions. Some of the featured results are consistent with other model approaches. These results could be helpful for future experimental search for some of those excited states and provide deeper insights into our understanding of the heavy baryon spectroscopy. 
